Contrasting the genetic diversity of the human X chromosome (X) and autosomes has facilitated understanding historical differences between males and females and the influence of natural selection. Previous studies based on smaller data sets have left questions regarding how empirical patterns extend to additional populations and which forces can explain them. Here, we address these questions by analyzing the ratio of X-to-autosomal (X/A) nucleotide diversity with the complete genomes of 569 females from 14 populations. Results show that X/A diversity is similar within each continental group but notably lower in European (EUR) and East Asian (ASN) populations than in African (AFR) populations. X/A diversity increases in all populations with increasing distance from genes, highlighting the stronger impact of diversity-reducing selection on X than on the autosomes. However, relative X/A diversity (between two populations) is invariant with distance from genes, suggesting that selection does not drive the relative reduction in X/A diversity in non-Africans (0.842 5 0.012 for EUR-to-AFR and 0.820 5 0.032 for ASN-to-AFR comparisons). Finally, an array of models with varying population bottlenecks, expansions, and migration from the latest studies of human demographic history account for about half of the observed reduction in relative X/A diversity from the expected value of 1. They predict values between 0.91 and 0.94 for EUR-to-AFR comparisons and between 0.91 and 0.92 for ASN-to-AFR comparisons. Further reductions can be predicted by more extreme demographic events in excess of those captured by the latest studies but, in the absence of these, also by historical sex-biased demographic events or other processes.
Introduction
Comparisons of the genetic diversity of the human X chromosome (X) and autosomes have received ample recent attention. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Such comparisons can facilitate understanding historical differences between males and females and the forces of natural selection. In a population that has been of constant size throughout history and has had identical distribution of offspring numbers between males and females in every generation, the effective population size (N e ) of X-and hence its nucleotide diversity estimated on the basis of the discovery of SNPs from sequencing-is expected to be three-quarters of that of the autosomes. However, deviations from this ratio are expected by at least four forces: (1) differential mutation rates between X and the autosomes, due at least in part to different mutation rates between males and females 15, 19, 20 (we controlled for this in our analyses by normalizing human nucleotide diversity by genetic divergence between humans and an outgroup species 1, 2, [6] [7] [8] 12 );
(2) sex-biased demographic events or social practices leading to different N e of males and females; 2, 4, 7, 16, [21] [22] [23] [24] (3) changes in historical N e over time, even in the face of equal male and female N e , given that the larger N e of the autosomes implies deeper genealogies and therefore a greater impact of more ancient evolutionary history; 2, 25 and (4) forces of natural selection differentially affecting X and the autosomes, mostly, but not only, because of the exposure of otherwise recessive X-linked variants in hemizygous males. 11, 16, 17, [26] [27] [28] [29] [30] The ratio of X-to-autosomal (X/A) nucleotide diversity, when diversity estimates are normalized by divergence for controlling for deviations due to (1) above, can serve as a proxy for the ratio of effective population sizes between X and the autosomes (N x / N A ). Recent studies by Hammer et al. have observed X/A diversity in human populations to be between 0.8 and 1.08 in intergenic regions and 1.11 in regions very far from genes. 7, 8 A different set of studies estimated genome-wide X/A diversity to be 0.61 and 0.73 in intergenic regions in northern Europeans and West Africans, respectively, and 0.75 and 0.88, respectively, in regions very far from genes. 1, 2 Both sets of studies have observed a clear positive correlation between X/A diversity and genetic distance from the nearest protein-coding gene, which suggests that diversityreducing selection has left a more pronounced signature on X. 1, 8 Significant differences in X/A diversity between northern Europeans and West Africans were observed with no support for a correlation between this difference and genetic distance from the nearest gene. 1, 2 Hence, these population-specific differences have been suggested to be due to demographic rather than selective forces. The recent availability of population-scale whole-genome sequencing from additional ancestries facilitates testing for differences in X/A diversity between populations, both inter-and intracontinentally, and between them and both CEU and YRI populations. Specifically, we sought to test whether empirical observations based on CEU and YRI populations are due more generally to differences between African and non-African populations. Another question of crucial importance concerns the range of explanations consistent with differences in X/A diversity between different populations. Each of the three aforementioned forces that affect normalized X/A diversity (2-4), including population-specific historical patterns of natural selection, the changing of N e over time due to population bottlenecks, expansion, and migration, and sexbiased demographic events, can potentially play a part in explaining the observations. The larger sample of genome-wide sequencing, including additional populations, improves our ability to disentangle these different forces by increasing the resolution of comparisons between empirical estimates and between them and theoretical predictions from models of human demographic history.
To address these open questions, in this study we analyzed population-scale whole-genome sequencing data from the 1000 Genomes Project. 32 These data consist of 14 populations spanning Europe, East Asia, sub-Saharan Africa, and the Americas for a total of 569 whole genomes from females (out of 1,092 individuals in the data overall). On the basis of these, we revisited-with higher resolution and larger geographic range-the comparisons between X and the autosomes and the study of diversity as a function of distance from genes. Similarly to the previous studies, 1, 8 we focused on population-level measures of nucleotide diversity. For all populations, as well as on a continental level, we estimated nucleotide diversity on each of X and the autosomes, in addition to their ratio (absolute X/A diversity), which follows normalization of each by genetic divergence from an outgroup. We further estimated relative X/A diversity as the absolute X/A diversity between each pair of populations and each pair of ancestry-based continental groups. This relative estimate is insensitive to differences between X and the autosomes in mutation rates, SNP calling, and ascertainment biases. Finally, to disentangle the effects of natural selection from those of demography, we considered the behavior of all these quantities as a function of genetic distance from genes. Overall, our results show that estimates of X/A diversity of non-African populations are lower than those of African populations. The impact of selection on patterns of variation around genes was more pronounced on X than on the autosomes, although it was generally proportional between X and the autosomes in different populations, suggesting that factors other than local impact of selection need to be invoked to explain differences in X/A diversity between populations. Comparing empirical estimates in African and non-African populations with the reductions that can be expected from historical changes in population size according to a variety of recent models of human demography 50, [56] [57] [58] [59] [60] [61] shows that these cannot fully explain the reduction in estimates of X/A diversity out of Africa. Alternative factors that can explain or play a part in explaining the observations include the previously modeled male-dominated migrations during the Out-of-Africa event, 2,4 strong demographic events in excess of what is captured by studies of human demography, sex-biased changes in generation time in nonAfrican populations, 33 or social-structure changes leading to variation in reproductive success between males and females.
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Material and Methods
Population-Scale Sequence Data and SNP Calling
In order to characterize and contrast patterns of diversity between X and the autosomes in a wide sample of global populations, we turned to the rich catalog of SNP and genotype calls released by phase 1 of the 1000 Genomes Project (see Web Resources).
32
This data set consists of whole-genome sequencing of 14 individuals from worldwide populations from Europe, East Asia, subSaharan Africa, and the Americas for a combined sample size of 1,092 unrelated individuals. We used the consensus set of SNP calls merged from the independent calling from each of five centers (Broad Institute, Baylor College of Medicine, the Sanger Institute, the University of Michigan, and the NCBI). 32 SNP calls on X included sites called by the University of Michigan, which modeled females as diploids and males as haploids. 32 To minimize ascertainment biases, we controlled for the different coverage and different chromosomal sample size between the autosomes and X by performing all analyses only on the subset of 569 females from across the 14 populations (Table S1 , available online).
Genomic Regions and Filters
To obtain the set of SNPs and regions used in the analysis, we applied several genomic and data-quality filters to minimize sequencing, alignment, variant inference, and genomic assembly errors, as well as to exclude candidate regions under the direct influence of selective constraints. For filtering, we combined several tracks from build hg19 of the UCSC Genome Browser; 34 these included repeats according to the Tandem Repeats Finder 35 (simple-repeats track), regions with high CpG content (CpG-island track 36 ), centromeres and telomeres along with 2 Mb flanking regions, gaps in the human assembly, mammalian conserved noncoding elements (PhastConsElements44WayPlacental track 37 ), pseudoautosomal regions on X, segmental duplications, 38 and regions corresponding to gene transcripts defined by a union of UCSC, 39 RefSeq, 40 and GenCode 41 gene tracks. Finally, we considered only regions with conserved synteny (syntenic-net tracks 42 ) and excluded gaps in human-outgroup alignments (derived from the 44-way multiz-alignment track 43, 44 ) for rhesus macaque 45 and orangutan 46 (rheMac2 and ponAbe2 assemblies). In addition to applying these genome-wide filters, we also selected individual SNPs to exclude low-quality bases as determined by the strict ''callability mask'' released by the 1000 Genomes Project. 32 After applying this strict set of genome-wide filters, we kept a total of 27.6 and 470.7 Mb of sequence for further analysis on X and the autosomes, respectively. Although this represents a genomic fraction similar to that considered in our previous study 1 with data from the pilot phase of the 1000 Genomes Project, the total number of SNPs passing quality control was 270,592 on X and 6,737,693 on the autosomes, providing a richer catalog than previously available 1 while allowing for more stringent quality controls.
Estimates of Nucleotide Diversity
We used the final filtered set of SNPs and genomic regions from X and the autosomes to build a collection of 100 kb loci defined by grouping bases along chromosomes that did not meet any of the above filtering criteria, i.e., without restricting bases to being contiguous. For each of these loci, and each population, we estimated nucleotide diversity (p; heterozygosity) as the average number of pairwise differences per base. Similarly, we estimated diversity for ancestry-based continental groups (see Table S1 ) by first pooling individuals from each continental group and then estimating p as above. To account for both local and larger-scale differences in mutation rates between X and the autosomes, we estimated human-outgroup divergence (D) for each 100 kb locus as the fraction of differences between the human reference and either orangutan 46 or macaque 45 and used a Jukes-Cantor correction for recurrent mutations. 47 We then used divergence-normalized estimates (p/D) for each of X and the autosomes to compute the average X/A diversity for individual populations, henceforth referred to as absolute X/A diversity. We also calculated the ratio of these estimates of absolute X/A diversity between pairs of populations, henceforth called relative X/A diversity. Because relative X/A diversity is a ratio of two estimates for the exact same set of loci, D cancels out between the numerator and the denominator. We obtained SEMs by a moving block bootstrap procedure, 48, 49 where we generated 1,000 random data sets by resampling from the full set of 100 kb loci. 50 This resampling approach allows for the SEM to account for the structure of correlation among nearby regions due to linkage disequilibrium (LD). We used the same bootstrapping procedure to obtain SEs for each of the estimates of nucleotide diversity in X and the autosomes, absolute X/A diversity, and relative X/A diversity.
Impact of Ancestral Polymorphism on Absolute X/A Diversity
To account for differences in mutation rate, comparisons of diversity between X and the autosomes have relied on normalization of each by divergence from an outgroup 1,2,8 as described above.
Beyond this correction, we considered here the effect that ancestral polymorphism (polymorphic sites in the population ancestral to humans and the outgroup) can have on the correction by divergence and how it sheds light on differences in estimates between previous studies that used different outgroups. 12 The different N e of X and the autosomes leads to differential levels of ancestral polymorphisms-as a result of shorter coalescent time of X in the ancestral population-and therefore a bias in absolute X/A diversity when ancestral polymorphism is unaccounted for. Hence, we corrected for the expected magnitude of this effect when considering either human-orangutan or human-macaque divergence. Specifically, absolute X/A diversity can be written as (p X / D X ) / (p A / D A ), for which p and D are defined above. Standard theory entails that E(p) ¼ 4N e m and E(D) ¼ 2m (t þ 2N anc ), where m is the mutation rate per base pair per generation (here assumed to be constant over time), t is the number of generations since speciation (assumed to be equal for both X and the autosomes), and N anc is the effective population in the ancestral population. These entail that
Even in the case where N X / N A ¼ N Xanc / N Aanc ¼ 0.75, the estimator of absolute X/A diversity deviates from the expectation of 0.75 because of the contribution of ancestral polymorphism depending on the relative magnitudes of t and N anc . 51, 52 Several recent studies have estimated t and N anc for different branches of the primate phylogeny, 46, 51, 53 although it has proven challenging to estimate N anc in the deeper branches. Using estimates from the best-fitting models of Burgess and Yang, 51 we computed the overestimation of X/A diversity when considering human-orangutan and human-macaque divergence. For the orangutan, t and N anc were estimated at 14.6-22 million years ago (Ma) and 84,000-126,000, respectively. 51 Under the assumption of 20 years/generation, these would both produce estimates of absolute X/A diversity of 0.787, corresponding to an inflation of 4.9% above 0. 
Variation in Estimates with Genetic Distance from the Nearest Gene
In order to explore how the impact of natural selection on linked sites affects estimates of nucleotide diversity, absolute X/A diversity, and relative X/A diversity, we evaluated each as a function of genetic distance from the nearest protein-coding gene. We considered genes as the union of all transcripts from the RefSeq genes set 40 and translated physical distances from these to genetic distances by using the sex-averaged recombination rates released by HapMap 54,55 while scaling estimates for X by two-thirds to translate from female-only to sex-averaged rates (see Web Resources). We assigned all bases according to their genetic distance from the nearest gene to each of seven bins spanning distances between 0 and 0.4 cM in such a manner that an equal fraction of bases in X fit each bin. We also used the same seven bins as dictated by X to partition sites on the autosomes ( Figure S1 ). We repeated the construction of a collection of 100 kb loci separately for sites within each bin and used these to estimate nucleotide diversity, absolute X/A diversity, and relative X/A diversity in each bin according to the same procedures described above. We tested for a linear correlation between these estimates and the mean genetic distance of bases in a bin by obtaining the Pearson correlation coefficient in each of 1,000 moving block bootstrap samples and performing a two-tailed ztest based on their mean and SD.
Simulations and Analytical Approximation for Models of Human Demography
Even in the absence of sex-biased processes or differential selection on X and the autosomes, simple demographic events such as population contractions, expansions, and bottlenecks can lead to departures from the expectation of 0.75 for N X / N A . 2, 25 Hence, we considered several recently published models of human demographic history-estimated for the autosomes-of West African, European, and East Asian populations 50, [56] [57] [58] [59] [60] [61] -and explored their effect on estimates of both absolute and relative X/A diversity when no sex-biased processes were considered. Specifically, for most models, we could address this effect by using an analytical solution that accounts for the contribution of each of a number of epochs to the time to the most recent common ancestor (tMRCA) in each compartment: 62 EðtMRCAÞ
Here, N i is the effective population size in epoch i, and T i is its duration in generations. Given that all demographic models we considered have been estimated for the autosomes, for X we multiplied all N i values by 0.75. For phases of exponential growth, we used single generation ''epochs'' as an approximation. To verify this approximation, as well as to allow models with migration between populations, we additionally ran coalescent simulations by using the program ms with parameters exactly as published for each demographic model. 63 Each simulation was run for 100 chromosomes, 100,000 replicates, and a 10,000 bp locus (see Table S2 for additional details). We repeated both analytical approximation and coalescent simulations for X and the autosomes and derived their predicted effect on estimates of absolute X/A diversity within populations and of relative X/A diversity between populations (each was dependent on the demographic history, parameters, and migration rates for all populations considered in each model).
Results
Genome-wide Levels of Autosomal, X-Linked, and X/A Diversity To contrast levels of diversity between X and the autosomes, we estimated nucleotide diversity (p) normalized by divergence from rhesus macaque for X and the autosomes separately after applying a stringent array of filters to the data. After normalization, we computed the levels of X/A nucleotide diversity with an additional correction for polymorphisms in the ancestral population to humans and macaques (Material and Methods). Figures 1 and 2 represent the resulting estimates of normalized diversity and X/A diversity for each of the 14 populations and across all individuals in each of the four ancestry-based continental groups, respectively, as defined by the 1000 Genomes Project. 32 Similar results for normalization with orangutan, as well as without normalization by divergence from an outgroup, are presented in Figures S2-S5.
Genome-wide diversity estimates are in line with those from recent studies and point to higher levels of autosomal diversity in African (p z 0.1% before normalization; Figure S2 ) than in non-African (p z 0.08%) populations. 32, 50, 62, [64] [65] [66] As expected, normalized diversity was lower on X than on the autosomes for all populations ( Figure 1A ; Figure S3A ). X/A diversity was similar for all three populations from the African (AFR) continental group: all three estimates were in the range 0.76-0.77 ( Figure 1A ). It was 0.64-0.65 for all five populations of European (EUR) ancestry and 0.60-0.62 for the three East Asian (ASN) populations. These estimates of X/A diversity are similar to our previous CEU and YRI results based on pilot data from the 1000 Genomes Project, 64 although they are consistently about 4% higher for both populations (0.762 versus 0.734 for YRI and 0.644 versus 0.615 for CEU). 1 This difference between phase 1 data and the pilot data from the 1000 Genomes Project stems largely from the higher X diversity estimates ( Figure S2 ), most likely due to improvements in calling for that part of the genome. 1, 32, 64 In a paper predating the 1000 Genomes data, Keinan et al. estimated nucleotide diversity and X/A diversity by calling variants across only two haploid sequences at a time, thereby applying the same ascertainment on X and the autosomes. 2 Estimates from that paper for West Africans (0.763), northern Europeans (0.635), and East Asians (0.613) are practically identical (even though they are based on orders of magnitude fewer data) to our corresponding estimates for populations from all three continental groups, supporting the idea that improved calling explains the~4% discrepancy between the phase 1 and pilot data. X/A diversity varied more among the AMR continental group, which consists of admixed populations from the Americas ( Figure 1A ); estimates were 0.71 for Puerto Rican (PUR), 0.66 for Colombian (CLM), and 0.64 for Mexican American (MXL) populations. The differences between these populations are in line with their exhibiting different admixture proportions of ancestry from African, European, and Native American populations. 65, 67 Furthermore, these admixture proportions have been shown to be sex biased, which would differentially affect diversity on X and the autosomes. 67, 68 For these reasons, we do not discuss results for AMR populations for the following analyses.
Increased Autosomal, X-Linked, and X/A Diversity with Increasing Distance from Genes To examine the effect of natural selection on these quantities, we considered genetic distance from the nearest gene as a proxy for decreased effect of diversity-reducing selection on linked sites. We partitioned the data according to ranges of distance from the nearest gene such that each partition encompassed an equal fraction of X ( Figure S1 ). For all 14 populations, both autosomal and X-linked diversity increased with distance from genes ( Figure 3A ). Across the different populations, linear correlation coefficients between autosomal diversity and mean genetic distance of each partition were between R ¼ 0.55 and R ¼ 0.60 and highly significant (p < 10 À12 ).
With a coefficient between R ¼ 0.86 and R ¼ 0.91 (p < 10 À12 for all), the equivalent for X was even more strongly correlated. We further pooled individuals by continental groups and observed similar results: R ¼ 0.57-0.59 for the autosomes and 0.86-0.91 for X (p < 10 À12 for all; Figure 4A ). These results are in line with our previous results based on the 1000 Genomes pilot data, 1 where we showed that the increased diversity with distance from genes closely matches predictions of the model of McVicker et al., 69 and are thereby consistent with the diversity-reducing effect of selection on linked sites through purifying selection (background selection), positive selection (genetic hitchhiking), or both. Increased diversity with distance from genes is to be expected plainly as a result of increased levels of selection on genes. Next, we aimed to test whether this effect of selection shapes diversity to a different extent on X and the autosomes. Hence, we estimated X/A diversity separately in each partition of distance from genes (Figures 3B and 4B) and observed a very strong correlation (ranging between R ¼ 0.90 and R ¼ 0.94; p < 10 À12 for all) between the two in all populations and continents. This result entails a greater increase in diversity with genetic distance from genes for X than for the autosomes, suggesting that diversity reduction due to selection at linked sites has Figure 1 . Estimates of Autosomal, X-Linked, and Absolute X/A Diversity For each of the 14 populations from 1000 Genomes, (A) genome-wide estimates are shown for nucleotide diversity (p) on the autosomes (left-most), nucleotide diversity on X (middle), and the ratio of the two (X/A diversity, right-most). All estimates follow a series of data filters, including the exclusion of genes, and are normalized by genetic divergence from rhesus macaque, thereby controlling for differential mutation rates on X and the autosomes (Material and Methods). Populations are sorted in decreasing order of autosomal diversity. This order is followed throughout the paper and corresponds to a grouping by ancestry-based continental groups: AFR, African; AMR; American; EUR, European; EAS, East Asian. Population abbreviations are listed in Table S1 .
(B) Estimates of nucleotide diversity in the last partition, furthest from genes (at least 0.2 cM from the nearest gene; see also Figure 3 ), after partition of the genome by distance from the nearest gene. These loci were affected to a lesser extent by diversity-reducing selection at linked sites and hence showed higher levels of both autosomal and X-linked diversity in all populations. The horizontal dotted line in the right-most panel denotes the expectation of X/A diversity ¼ 0.75 under neutrality and several additional assumptions (see main text). Error bars denote 51 SEM, computed with a block bootstrap approach (Material and Methods). We obtained similar results when instead using divergence from orangutan for normalization ( Figure S3 ) and when considering only levels of human nucleotide diversity without normalization ( Figure S2 ).
been a more powerful force on X. The general trends in overall diversity with distance to genes are evident both before and after normalization by divergence from either macaque or orangutan ( Figures 3B, 4B , and S6-S9). These results show a trend similar to Hammer et al.'s recent results based on individuals of European ancestry 8 and are quantitatively similar to our previous observations. 1 Autosomal, X-Linked, and X/A Diversity in Relatively Neutral Regions The correlation with distance from genes of autosomal, X-linked, and X/A diversity entails that the genomewide results ( Figures 1A and 2A ) serve merely as averages across different levels of natural selection. We next revisited these quantities in relatively neutral regions by considering only estimates in the last bin (furthest from the nearest gene), encompassing a total of~4 Mb of X-linked and~67 Mb of autosomal sequences that are at least 0.2 cM away from the nearest gene. Although we do not expect these loci to be completely neutral-because of both selection on nonannotated and noncoding elements and remaining weak LD with genes-estimates based on these loci were much less affected by selection on genes than were genome-wide estimates. Importantly, these loci-as all regions we analyzed-excluded conserved noncoding elements, noncoding genes, and regions extending over an inclusive definition of coding transcripts (Material and Methods). Figures 1B and 2B present diversity estimates in these loci and consist of a summary of the last partition from Figures 3 and 4 , respectively. Similar to the genome-wide results, diversity levels in these loci were higher in African populations (p z 1.1% before normalization; Figure S2 ) than in non-African populations (p z 0.8%-0.9%), and normalized diversity on X was lower for all populations and continents ( Figures 1B  and 2B ). For the autosomes, diversity levels in these relatively neutral loci were 4.6%-5.5% higher than genome-wide estimates; the higher end of this range was observed for non-African populations (Figure 1 ). On X, diversity levels in these relatively neutral loci were 19%-29% higher than X-wide estimates; the lower end of this range was observed for African populations (Figure 1 ). Based on these X-linked and autosomal relatively neutral regions alone, estimates of X/A diversity were 13%-22% higher than their genome-wide equivalents for all populations and continents (Figures 1 and 2 ). Similar to genome-wide estimates, estimates of X/A diversity in these regions were highest in African populations and higher in Europeans than in East Asians. They were similar for all populations from the AFR continental group: all three estimates were in the range 0.86-0.88 (versus 0.76-0.77 genome-wide). Estimates were 0.78-0.79 for all five EUR populations (versus 0.64-0.65 genome-wide) and 0.70-0.75 for all three ASN populations (versus 0.60-0.62 genome-wide). Under the assumption of neutrality in these relatively neutral regions, as well as historical sex balance and constant population size, these normalized estimates of X/A diversity are expected to be 0.75, as described in the Introduction. The above values in AFR populations, as judged by their SEs (Figures 1B and 2B) , are significantly higher than this expectation. For EUR (as well as AMR), they are marginally above the 0.75 expectation and are nonsignificantly below expectation for the ASN populations. However, there is no reason to think that the outlined assumptions are met, and in the following section, we examine several factors that affect the comparison between these estimates and the oversimplified 0.75 expectation.
Improved Normalization by Divergence from an Outgroup
Estimates of absolute X/A diversity (as opposed to relative X/A diversity, described in the next section) are bound to be sensitive to many details of the methods used to obtain them because many factors can have differential impacts on X-linked and autosomal estimates. Perhaps the most important and the most problematic is the normalization by divergence from an outgroup; this factor is crucial for accounting for differences in mutation rates between X and the autosomes. 1, 12 The choice of outgroup and the details of normalization by its genetic divergence from humans have been highlighted as a potential explanation for previous studies reporting different estimates of X/A diversity. 12, 14, 15 In order to consider deviations of absolute X/A diversity from the expectation, especially in relatively neutral regions, and the effects of demographic processes, we based the results described above on a normalization more accurate than that in our previous work. 1,2 This improved normalization accounts for the differential effect on X and autosomal divergence estimates of polymorphisms in the population ancestral to humans and the outgroup (Material and Methods).
To further investigate the effect of normalization by divergence on our results, as well as the improvement Figure 1 ). The labels on the x axis represent the boundaries between partitions, which were selected such that each partition encompassed an equal fraction of X ( Figure S1 ). For comparison across populations, values from the last bin are reproduced in Figure 1B . We obtained similar results when instead using divergence from orangutan ( Figure S6 ) and when considering only levels of human nucleotide diversity without normalization ( Figure S7 ).
from correcting for ancestral polymorphisms, we compared estimates based on each of two outgroups: orangutan and rhesus macaque. When we reproduced the approach used in previous studies 1,2 without the additional correction for ancestral polymorphisms, X/A diversity in relatively neutral regions was on average 4.8% higher when we normalized by divergence from orangutan in these regions than when we used the analogous estimates with macaque normalization ( Figure S10A ). After the additional correction for ancestral polymorphism, X/A diversity in these regions was only~2% higher for the orangutan than for the macaque normalization ( Figure S10B ). These results entail that ancestral polymorphisms account for most of the difference in X/A diversity with different outgroups, which explains small discrepancies between previously published estimates. 1,2,6-8 The remaining 2% difference can be due to uncertainty in the estimation of ancestral effective population sizes used in the correction (Material and Methods) and differential changes that occurred in recent hominid evolution between autosomal and X-linked mutation rates, e.g., as a result of a relative acceleration of the male mutation rate 15 (see Discussion).
Relative Autosomal, X-Linked, and X/A Diversity between Populations We introduced another approach to overcome any issues due to differences in mutation rates between X and the autosomes, as well as additional potential problems such as differences in SNP ascertainment biases between the two. The idea is that factors that are identical for all populations, as is the normalization by divergence, do not affect the comparison of estimates between populations. Hence, we compared estimates of X/A diversity between each pair of populations by dividing the estimate in one population by that of another to obtain relative X/A diversity. In this ratio, both the numerator and denominator are normalized by the same divergence factor and hence cancel each other out. For completeness, we similarly obtained relative diversity on X and the autosomes separately between populations. We estimated the relative diversity of X-linked, autosomal, and X/A nucleotide diversity by using the less diverse population as the numerator.
Considering relative estimates between populations also allows the study of a circumscribed time period since the two populations split. This approach has proved successful for studying differences in X/A diversity in Drosophila both between populations (African and non-African) and between species (D. melanogaster and D. simulans).
28,29,70-74
By further considering distance from genes, we could determine whether observed differences between populations are due to differential selective forces or differences in demographic history.
We started by considering a pair of populations, one of West African ancestry (YRI) and one of northwestern European ancestry (CEU), which are the two populations we analyzed previously on the basis of the pilot data from the 1000 Genomes Project. 1 As shown above, X-linked and autosomal diversity in both CEU and YRI populations correlated significantly with distance from genes ( Figure 3A ; p < 10 À12 ). Figure 5A presents the relative X-linked and autosomal diversity between CEU and YRI populations as a function of the same partition. It shows a less clear and nonsignificant relationship with distance from genes: the correlation coefficient with mean genetic distance of each partition was R ¼ 0.36 (p ¼ 0.43; Table  1 ) for the autosomes and R ¼ 0.60 for X (p ¼ 0.15; Table  1 ). Similar results held for relative estimates between other non-African and African population pairs (Table  1 ) and for continental pairs ( Figure 6 ; Table S3 ). The only exception outside comparisons involving admixed populations is that relative X-linked diversity between Iberian and African samples showed modest evidence of a positive correlation with distance to genes, but only prior to accounting for multiple testing (0.78 % R % 0.79, 0.03 % p < 0.05). Importantly, relative X-linked diversity between non-Africans and Africans was consistently smaller than that of autosomal loci across all distances from genes. We next examined estimates of relative X/A diversity between populations. Figure 5B shows both relative X/A diversity for each bin of distances to the nearest gene and genome-wide relative X/A diversity between CEU and YRI populations. The genome-wide relative X/A diversity estimate was 0.848 5 0.027, closely matching our previous estimate of 0.84. 1 Although this estimate showed some variation across bins (between 81% 5 2.7% for the second bin and 90% 5 2.9% for the last bin), little evidence of a trend was observed (R ¼ 0.59, p ¼ 0.16; Table 2 ). These results demonstrate that X/A diversity is lower in CEU than in YRI across all bins. Similar results were observed when we considered the ratio of each of the other European populations to each of the other African populations. Genome-wide relative X/A diversity for these were in the range of 0.835 5 0.027 to 0.852 5 0.027, whereas the continental estimate was 0.842 5 0.013 ( Figure 6 ; Table  S4 ). In general, estimates of relative X/A diversity were devoid of significant evidence of a correlation with distance to genes ( Table 2) . Respective estimates for relatively neutral loci in the bin furthest from genes were in close agreement with the above estimates, as expected by the lack of correlation with distance from genes, but were consistently~5% higher than the genome-wide estimates for both the European-to-African ratio and other population comparisons (Tables S5 and S6 ). This difference should be interpreted with caution given that it was not observed as part of a monotonic increase across distances from genes. Furthermore, because all comparisons between the same bins in Figure 5 . The CEU/YRI Ratio of Autosomal, X-Linked, and X/A Diversity for Bins of Genetic Distance from the Nearest Gene The relative estimates reflect the ratio of normalized diversity in CEU to that in YRI in each bin of distance from the nearest gene for (A) X and the autosomes separately and (B) X/A diversity in each population (relative X/A diversity); the genome-wide average across all loci is indicated by the dotted line. Error bars denote 5 1 SEM, computed with a moving block bootstrap procedure (Material and Methods). Estimates of relative X/A diversity for additional population pairs are summarized in Tables S5 and S6 , and results by continental groups are presented in Figure 6 . populations. All together, and also including results at the continental level (ASN/AFR ratio ¼ 0.820 5 0.032), East Asian populations showed even lower estimates of relative X/A diversity than did European populations in comparison to Africans. Considering the effects that changes in population size can have on estimates of X/ A diversity, as discussed in the next section, this last observation agrees with studies reporting more drift in East Asians than in Europeans 2,50,57,58,60,75 and points to possible differences in the demographic history of the different East Asian populations. Interestingly, in spite of this stronger reduction in relative X/A diversity between ASN and AFR populations, the evidence of any potential correlation with distance to genes in East Asian relative to African populations is considerably weaker than that observed for Europeans, highlighting the need to consider forces other than the local effects of selection on linked sites to explain the patterns of reduction in estimates of X/A diversity observed out of Africa.
Can Historical Changes in Population Size Explain the Empirical Observations? X/A diversity is sensitive to historical changes in population size, even if these do not introduce a deviation from equal female and male effective population sizes. 2, 25 One of the most interesting observations arising from previous comparisons of X/A diversity from more limited data sets 1,2,8 has been that patterns of both absolute and relative X/A diversity for some human populations are sufficiently striking to merit the consideration of factors beyond known human demographic events such as population bottlenecks, contractions, growth, and migration. Here, we examined the prediction of several of the most recently published models of human demography 50, [56] [57] [58] [59] [60] [61] for absolute and relative X/A diversity (Material and Methods). These provide demographic models for representative African, East Asian, and European populations. All these models were estimated to fit autosomal data. Hence, to test the null hypothesis that these models would explain observed patterns without sex biases, we incorporated the respective model of each for X by assuming an equal proportion of males and females throughout history. Estimates of absolute X/A diversity for the various models of African, European, and East Asian demographic history are presented in Table 3 . Simulations produced the expected X/A diversity ¼ 0.75 when no changes in population size were experienced. However, all other models incorporating African demographic events, including population expansion, led to an increment from this expectation (0.780-0.798 across models). Bottlenecks dominated the effect on the two other populations, leading to reductions from 0.75 in the absolute X/A diversity of Europeans (0.699-0.751) and East Asians (0.687-0.734). Although the direction of these deviations is expected, using a set of the most plausible scenarios of recent human demographic history (Table S2) provides new values and ranges accounting for variations in modeling strategies for contrasting empirical observations. Compared with our empirical results, the results of these simulations have a few salient features. The range of estimates of absolute X/A diversity for relatively neutral regions, furthest from genes, tended to exceed or match the expectation from recent models of human demography: African populations showed a marked increase of at least 7.8% (0.86-0.88) from the expectation (0.780À0.798), European populations also had a higher increase, albeit to a smaller degree of~4% (0.78-0.79), than the expectation (0.699-0.751), and East Asian populations showed estimates overlapping or only modestly exceeding (0.70-0.75) the expectation from demography (0.687-0.734). Although this increase could partially be due to the confounding effect of natural selection on some of the modeling strategies, it points to the possibility that additional factors leading to a relative increase in the female versus male N e , such as effective polygyny 7 over extended historical time periods, have played a past role in human populations. Absolute X/A diversity predicted by the best-fitting demographic model as estimated in each of the studies indicated. Models are considered for the demographic history of Africans, Europeans, and East Asians, as available in each study. X/A diversity based on E(tMRCA) is an analytical solution for a simplified model that can consider only piecewise changes in population sizes and no migration (Material and Methods), and X/A diversity based on ms 65 coalescent simulations captures the complete model in each study (Material and Methods and Table S2 ). Considerable differences between the two were observed only for models that include migration, in which case the coalescent simulations provide a much more accurate estimate of model predictions. 50, [56] [57] [58] [59] [60] [61] Estimates of relative X/A diversity paint a more refined picture because they capture recent history since the split of the pair of populations considered. Table 4 Although the elevated estimates of relative X/A diversity in the last bin of distance to genes (in comparison to the genome-wide average) are most likely inconsequential, as described above, one could conservatively entertain how this difference would affect results. Tables S5 and S6 show that whereas the relative X/A diversity between EUR and AFR populations for this subset of most neutral loci far from genes fell close to the values predicted by demographic models, the analogous estimates between ASN and AFR populations fell significantly below the lowest estimate of 0.91. The models of East Asian demography evaluated have been based on combined data from CHB and JPT populations, so the greater-than-expected reduction in empirical estimates for JPT populations (which showed the lowest estimates of relative X/A diversity in comparison to Africans) as compared to these models might be a result of models estimated over CHB and JPT individuals as a single population. However, the greater-than-expected reduction for CHB and CHS populations is robust to this aspect of the modeling approaches considered (Tables S5   and S6 ). Another interesting observation is that the empirical estimates of relative X/A diversity between ASN and EUR populations also generally fell below the ranges predicted by the models, although not significantly. All together, even when we conservatively focus on the higher estimates of relative X/A diversity observed only for the subset of loci in the bin furthest from genes, empirical estimates from the 1000 Genomes populations still point to additional departures from our current understanding of the patterns of expansion, contraction, and growth in human demographic history beyond those previously suggested to be associated with the Out-of-Africa event. 2, 17, 18, 31, 50, [56] [57] [58] [59] [60] [61] 76 Together with a general lack of clear evidence of a correlation between estimates of relative X/A diversity and distance to genes, the comparison to model predictions for relative X/A diversity suggests a generally stronger reduction of X/A diversity than expected in non-Africans than in Africans. These results highlight the role of demographic events that are not captured by the models and that affect both EUR and ASN populations and are hence most likely associated with the dispersal out of Africa. Such events include, e.g., stronger-than-expected bottlenecks, founder events, or the possibility of waves of male-biased migrations during the dispersal out of Africa. 2 
Discussion
Although several previous studies have looked at patterns of diversity in human X and how they relate to those of autosomes, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] they have been based on genotyping data sets, a small set of resequenced loci in six populations, or genomic sequencing data from at most two populations. The present work was made possible by the rich set of complete genome sequences from 14 populations and four continental groups from phase 1 of the 1000 Genomes Project. 32 We characterized X/A diversity in greater detail to determine the extent to which genome-wide patterns generalize to additional populations and the degree to which these have been affected by levels of natural selection. We combined these patterns with a richer set of results to tease apart the extent to which different forces have shaped X/A diversity in human populations. Our results for autosomal, X-linked, and absolute X/A diversity confirm and extend previous observations, [1] [2] [3] [4] showing that differences are evident genome-wide and broadly generalize to additional populations across continental groups. African populations, followed by Europeans and East Asians, show the highest levels of both X and autosomal diversity. Within Africans and Europeans, all populations show similar levels of diversity. Across all results, as well as when one considers results for loci binned by genetic distance to the nearest gene, X-linked loci always show lower diversity than autosomal loci. Absolute X/A diversity increases significantly with distance to genes in all populations, highlighting the more 
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Relative X/A diversity between each pair of continental populations from the same studies as in Table 3 . See Table 3 for complete details.
prominent role of diversity-reducing selection on X. This result also highlights the importance of considering the effects of selection; we accomplished this by considering estimates as a function of distance from genes and focusing on loci very far from genes to minimize its impact. However, estimates of absolute X/A diversity in single populations can be sensitive to a wide array of factors that differentially affect X-linked and autosomal estimates and thus lead to biased estimates of X/A diversity. One of these factors is accounting for differences in mutation rates between X and the autosomes in an unbiased manner. Our results show that the influence of ancestral polymorphisms accounts for most of the difference in the estimates of absolute X/A diversity normalized with macaque and orangutan, which can help explain some of the discrepancies between previously published estimates.
1,2,6-8 After correction for these effects, the remaining difference of~2% in estimates between the two outgroups could be explained by variation in the maleto-female mutation rate in primate evolution. 15 Although correcting for both of these factors would account for the most significant biases due to normalization by divergence from different outgroups, 12 the accuracy of the estimates of absolute X/A diversity for each population would still depend on various assumptions and relatively large levels of uncertainty for all three parameters in the primate tree: split times, ancestral population sizes, 46, 51, 53 and estimates of the variation in male-to-female mutation rates across the different branches. 15 An alternative strategy, reducing the number of variables required to account for the variation of mutation rates between both genomic compartments, would be to use direct estimates of the male-to-female mutation rate (a) in humans to account for differences in X-linked and autosomal mutation rates:
Although different studies have yielded varying estimates of a in humans, a reasonable estimate of a z 4 15,77 would imply an X/A mutation rate in humans of 0.8 instead of the 0.89 or 0.91 observed with macaque or orangutan, respectively. This suggests~12% higher absolute X/A diversities in loci far from genes, even more significantly exceeding the expectation of previous demographic models in all 14 human populations evaluated. Several additional factors can combine with those associated with the normalization of differences in mutation rates, leading to biased estimates of absolute X/A diversity. These include differential ascertainment biases and the assumptions made when variants are called in different parts of the genome. Although next-generation sequencing has alleviated many such issues in comparison to genotyping-based studies of previously discovered SNPs, differences in sample size and systematic variations in readcoverage depth between X-linked and autosomal regions 78, 79 can lead to lower accuracy and power in calling X-linked SNPs than in calling autosomal variants. We minimized the effect of these biases by considering only females for analysis and the 1000 Genomes phase 1 pipeline, which involves SNP-calling algorithms that explicitly account for the hemizygosity of X in males. 32 However, we do not claim to have fully accounted for all factors differentially affecting diversity estimates on X and the autosomes.
To eliminate any remaining biases differentially affecting X-linked and autosomal diversity, we instead considered estimates of relative X/A diversity; because this is a ratio of absolute X/A diversity between a pair of populations, biases that have the same effects on the two compared populations cancel out. This statistic also facilitates inferences about more recent events in human history given that it is affected by the epoch since the split of the two populations rather than the entire period from the most recent common ancestor of a sample, which is about an order of magnitude longer. Teasing apart factors shaping differences between populations from those in their shared genealogical history provided us with better interpretation of possible sex-biased processes beyond those shared by all human populations.
Results based on relative autosomal, X-linked, and X/A diversity confirm previously observed patterns from a single African and a single non-African population 1,2 while
showing how these generalize across continental groups. We observed a general trend of lower X/A diversity in non-Africans than in Africans at both the population and the continental levels, whereas relative to Europeans, East Asian populations showed some evidence of an even larger reduction. Importantly, estimates of relative X/A diversity (unlike those of absolute X/A diversity) were invariant across bins of genetic distance to the nearest gene, increasing the power of the approach by allowing inferences from a larger set of genomic loci and suggesting that the relative differences in the impact of diversityreducing selection between X and the autosomes have in general been similar between different populations. An open question in the literature is the degree to which patterns of relative X/A diversity can be explained by sexunbiased differences in population-size changes in human history and whether additional evolutionary forces that differentially affect X-linked and autosomal diversity between populations need to be invoked. Results for many of the most recently published models of human demographic history suggest that the expected effect of simple population-size changes alone can explain part, but not all, of the observed reduction in relative X/A diversity between each non-African population and each African population, consistent with previous observations. 1,2 These results provide evidence that additional demographic factors need to be invoked for explaining these differences. Finally, we note two additional factors that could potentially affect inferences based on estimates of relative X/A diversity: (1) particular selection scenarios, which, although unlikely, could still affect X and the autosomes differently, such as strong population-specific selection on a few loci or widespread selection across a large portion of X; and (2) Neandertal introgression, which will increase nucleotide diversity and which not only has been shown to have been higher on the autosomes than on X-linked loci but has also occurred almost exclusively in non-African populations. 80 To account for this, we further removed human haplotypes confidently inferred to be of Neandertal origin 80 and re-estimated relative X/A diversity. Between EUR and AFR populations and between ASN and AFR populations, the new estimates were~1% higher across all comparisons, showing that Neandertal introgression can lead to a modest underestimation of relative X/A diversity. An improved understanding of the magnitude, types, and geographical ranges of archaic introgression will allow for a better understanding of the full impact of this phenomenon in future studies.
In conclusion, our results provide strong evidence that additional factors beyond the simple population-size changes and migration accounted for by many of the recent models of human demography are likely to have played a role in shaping relative patterns of X/A diversity genome-wide between African and non-African populations in general. These results, based on the consideration of a wide range of human demographic models, extend previous results based also on comparisons of the site frequency spectrum and population-differentiation estimates, 2, 4, 18 which have suggested the types of demographic factors that need to be invoked for explaining them. These include a variety of forces that can reduce relative X/A diversity during the Out-of-Africa event, such as not only more extreme founder events than estimated in the above models but also importantly male-biased migrations, 2 reductions in effective polygyny, or other sexbiased processes.
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